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Introduction
Beam steering devices are in a great demand in free space laser communications, optical fiber communications, optical switches, scanners (refs. 1 to 5), etc. In addition to mechanical devices such as gimbals and mirrors, a number of other techniques are under development, such as ceramic-based phase gratings (ref. One of the most promising areas for LC-based systems is NASA's near-Earth and deep-space missions that require precise, diffraction-limited (sub-microradian), electronic (non-mechanical) beam steering as well as in situ wave-front correction. LC-based systems are inexpensive, light-weight and lowpower. LC optical phased arrays could be used as part of a tracking network that supports high-data-rate communication links between the planetary rovers, the host lander, the orbiting spacecraft, and space platforms; autonomous operation of the rovers and robotic systems; and possibly strategic mining operations.
The Among the prism-based DBDs, one of the most effective designs uses a cascade of elementary stages each of which represents a pair consisting of an active polarization rotator and a prismatic deflector (refs. 19 to 26) . The advantage of such a decoupled design is that it allows one to separate the issue of the short response time (determined mostly by the switching speed of the rotator) and the angular range of deflection (determined by the geometry and optical properties of the deflector). For example, the active element can be electrically switched by a 90° TN cell followed by a passive birefringent prism that separates the beam into two channels, depending on the beam polarization ( fig. 1 ). Depending on the applied voltage, the TN cell rotates the polarization of incident light by π/2 (no field, OFF state) or leaves the polarization intact (when the applied electric field reorients the liquid crystal molecules perpendicular to the plates of the cell, ON state). Inside the prism, the beam propagates in ordinary or extraordinary mode, depending on the polarization. As the ordinary and extraordinary refractive indices are different, the two modes of propagation through the prism result in different angles of deflection. As is clear from figure 1 , if the SmA prism is used, the optical axis (and thus the preferred orientation of the SmA molecules) should be aligned along the edge of the wedge. In this geometry the director field is uniform everywhere. The decoupled pair of a rotator and deflector has no moving parts and can be cascaded into N stages, making 2 N addressable beam directions (refs. 19 to 26) . The liquid crystals can be used in both active and passive elements of prism-based DBDs, as they demonstrate a relatively high optical birefringence (in the range 0.1 to 0.4) and relatively fast switching speeds (milliseconds or less), (see, for example, ref. 9). Application of LCs for polarization switching is a well-developed field, mostly because the TN and similar nematic cells are at the heart of modern LC display devices (ref. 27 ).
Application of LCs in the passive prismatic elements is less studied, despite their apparent advantages, such as structural flexibility and low-cost fabrication. One of the reasons for such a neglect is that a LC-based prism with a substantial dihedral angle a (needed for the substantial angle of beam deflection) and a substantial aperture A should be relatively thick, up to h = A tan a. If h is in the range of millimeters and centimeters, then huge losses caused by light scattering at director fluctuations (refs. 28 and 29) rule out the applicability of the nematic LCs. In this article we describe passive prismatic elements formed by a uniaxial SmA LC. The advantage of the SmA materials over nematic LCs is that director fluctuations are suppressed by the layered smectic structure.
The article is organized as follows. Section 2 discusses the alignment procedures of SmA. Section 3 presents optical properties of single prisms and arrays of polymer prisms filled with SmA. Section 4 describes the electro-optical properties of 90° TN cells filled with dual-frequency nematic. The conclusions are presented in section 5.
SmA LC Materials
In SmA, the elongated rod-like molecules are arranged in a periodic stack of layers with the director n (a unit vector that shows the average local direction of molecules and thus the optic axis of the material) being perpendicular to the layers; the states n and -n are identical. Inside the layer the molecular centers of gravity show no long-range order, thus each layer is a two-dimensional fluid. Positional order along n significantly reduces thermal director fluctuations and thus reduces light scattering (refs. 28 and 29) . However, the very same layered structure brings about another possible source of scattering, namely, static director distortions such as undulations and focal conic domains (FCDs) (refs. 30 to 33). The problem is especially pronounced for the highly birefringent cyanobiphenyl materials in which the molecules form partially overlapped pairs with oppositely oriented dipole moments. The thickness of smectic layers in these materials is about 1.4 to 1.6 of the length of an individual molecule and can vary significantly with temperature; the changes in layer thickness result in director distortions. For example, cooling of the SmA material 4-octyloxy-4'-cyanobiphenyl (8OCB) in the planar cell with polyisoprenecoated substrates (ref. 34 ) results in layer undulations and formation of FCDs clearly visible in figure 2. These FCDs can be stabilized by a mechanical impurity in the bulk or at the surface of the cell (ref. 30) . In principle, one can use a magnetic field to align the SmA sample uniformly (refs. 31 and 32). We quantify the process of field alignment of SmA by considering the behavior of an isolated FCD. The method might be effective if large magnetic fields are available. The model predicts that for each value of the applied field, there is a characteristic size of the FCD below which the domain cannot be transformed into the uniform state.
To obtain a close estimate of the magnetic field needed to align the SmA uniformly, we consider the simplest type of FCD, the so-called toric FCD that can be stabilized by a foreign particle in the SmA bulk (refs. 35 and 36) . The toric FCD is based on a pair of linear defects, a circular defect line and the straight line passing through the center. The smectic layers are wrapped around the pair as shown in figure 3 . Note that outside the FCD the molecules are oriented uniformly along a single axis parallel to the plates.
Suppose a small toric FCD with the radius a of the defect circle much smaller than the lateral size of the cell, is stabilized in an otherwise uniform SmA sample by a particle, which sets tangential orientation of SmA molecules at its surface. For the sake of simplicity, we approximate the particle by a disk of radius R (fig. 3) . If the SmA were uniform, the director would be in an unfavorable perpendicular orientation at the plate. The FCD would be stable if its elastic energy (ref. 37)
(where K is the splay elastic constant, K is the saddle-splay constant, r c is the core radius of the circular defect, and F c is the core energy of the circle and the straight line) is smaller than the anchoring energy difference between the FCD-free (uniform) state and the FCD state:
where W is the (polar) surface anchoring coefficient at the SmA-particle interface. In SmA, W ∼ (10 
The stability of the FCD is determined by the energy difference between the FCD state and the uniform state, comprised of the elastic, surface anchoring, and diamagnetic contributions, ΔF = ΔF s -F el -ΔF B : The plot demonstrates that for each value of a, there is a critical value of the field for which ΔF becomes negative, i.e., the uniform state is energetically preferred over the FCD state.
The higher the field, the smaller is the size of the FCDs that can be transformed into the uniform state. However, to reduce the size of FCD to a practical sub-wavelength value, say, a = 0.5-1 μm, one needs huge magnetic fields of the order of tens and hundreds of Tesla (fig. 4) . The alignment can be assisted by applying the magnetic field while the material is in the nematic phase and then cooling it down to the SmA phase, as the surface anchoring in the nematic phase is much weaker that in the SmA phase.
The magnetic field needed to realign the director around the foreign inclusion in the nematic phase can de determined from the condition that the diamagnetic coherence length 
For example, B ∼ 1T would be sufficient to suppress the director distortions around a particle with W ∼ 10 -5 J/m 2 ; B ∼ 10T would be needed if W ∼ 10 -4 J/m 2 , etc. Therefore, magnetic alignment is easier in the nematic phase than in the SmA phase.
Consideration suggests that in order to minimize the light losses, one should search for the SmA material composed of nonpolar molecules in which the molecules do not form pairs and the layer thickness does not change much with temperature and in which there is a nematic phase, in addition to the SmA phase. The requirements are met by low-molecular weight materials belonging to the class of 4,4'-n-dialkylazoxybenzenes (refs. 22 and 23) ( fig. 5(a) ). We used n = 5,6,7, and 8 homologues of 4,4'-ndialkylazoxybenzene purchased from Sigma-Aldrich Chemical Co. to prepare mixtures with a broad temperature range of the SmA phase. All components were purified to decrease the contents of undesired dopants and foreign particles. The purification process was as follows: first we dissolved the compound in methanol (99.93%, Aldrich) in proportion 1 g of LC in 100 ml of methanol. Then the solution was cooled down to separate the crystal from the methanol. The precipitated crystals were filtered and dried out. The purified compounds were mixed in various proportions to get the appropriate phase sequence and good alignment. The temperature range of SmA phase can be expanded to about 30° in eutectic mixtures. The mixture of n = 6 and n = 8 homologues in proportion 1:1 shows the best deflection efficiency (a ratio of intensities of the deflected and incident beams) and a good thermal range ( fig. 5(b) ). These mixtures were used as a SmA filler for passive prismatic deflectors.
Optical Elements: SmA-Filled Prisms and Lattices

Single SmA Prisms
The geometry of the prismatic cell filled with LC material is shown in figure 1 . Two glass plates with rubbed polyimide layers (PI2555, Microsystems) formed a wedge cell, which was filled with the SmA blend of 4,4'-dihexylazoxybenzene and 4,4'-dioctylazoxybenzene in proportion 1:1. The assembled cell was heated to the isotropic state and slowly cooled down to room temperature with the temperature rate ~5×10 -4 K/s in 1.2 T magnetic field. The measured parameters of the birefringent prism are as following: The textures of the aligned mixture ( fig. 6(a) ) show a small amount of residual FCDs. As the SmA mixture has a positive birefringence Δn = n e -n o >0, the extraordinary wave will deflect more than the ordinary wave ( fig. 6(b) to (d) ). In figure 7 we show the transmission of the extraordinary and ordinary waves through the wedge in SmA (t = 25 °C) and nematic phases (t = 48 °C) at wavelength λ = 633 nm. The photodetector was placed at the distance 22 cm from the sample. The diameter of the probing laser beam was about 2 mm. The data are normalized by the incident light intensity I 0 . Figure 7 clearly demonstrates that the SmA phase is much more transparent than the nematic phase due to reduction of light scattering at the director fluctuations. The transmission of SmA phase remains above 70 percent for both ordinary and extraordinary components even when the LC layer becomes thicker than 1 mm. The variations of light transmission with thickness observed in the plots in figure 7 for SmA are caused by the residual amount of FCDs in different regions of the wedge shaped cell used for the measurements.
Polymer Array of Prisms Filled With SmA Material
The assembling of the SmA-filled wedges for the wide-aperture incident beam requires large quantities of LC material. A more practical approach might be to replace a single birefringent prism with an array of smaller prisms, at the expense of some decrease in light transmission efficiency caused by light diffraction, destructive interference, and non-ideal profile. Hirabayashi et al. reported on quartz microprisms filled with the nematic material, which can deflect closely spaced micro-optical beams individually to any position with a high transmittance, high deflection angle and low voltage (ref. 39 ). Here we describe an array of prisms filled with a SmA material. Right angle prisms may be molded in a sheet of polymer material with a different cut angle a and period d (fig. 8) . We used the array of prisms formed in an acrylic film of optical quality with the refractive index n = 1.49 (at λ = 589 nm) with a = 30° and d = 1 mm (purchased from Fresnel Technologies, Inc.) The acrylic array of prisms was attached to a glass substrate coated with rubbed polyimide PI2555 to align the director along the grooves. Then the assembled cell was filled with the 1:1 (by weight) mixture of 4,4'-dihexylazoxybenzene and 4,4'-dioctylazoxybenzene. After magnetic field alignment, we measured the deflection efficiency and deflection angles of the cell at 633 nm for normal incidence at the room temperature (we considered the zero-order diffracted beam; the diameter of the incident beam was 5 mm; the cell was illuminated from the glass plate side):
• for the extraordinary wave, the deflection efficiency was ~75.4 percent and the deflection angle θ e = 7.2°±0.2°; • for the ordinary wave, the deflection efficiency was ~80.5 percent and the deflection angle θ o = 0.6°±0.2°.
The performance of the assembled cell is very similar to Rochon prisms, but due to a slight mismatch between the acrylic refractive index and ordinary refractive index of the LC material the ordinary wave is slightly deflected. We checked the temperature dependence of the deflection characteristics of SmA-filled microprisms. The temperature-induced changes in the deflection angles were relatively small, about 0.02° per 1 °C for the extraordinary and less than that for the ordinary wave. Thus, with the temperature increase from 15 to 40 °C the deflection angles changed from 7.14° to 6.68° for the extraordinary beam and from 0.61° to 0.56° for the ordinary beam.
The light propagation through the array of prisms is affected by the geometry of the prisms which is far from the ideal triangular profile. In figure 9 we show the fluorescent confocal microscopy (ref. 40) images of the prisms filled with the mixture of Cargille TM refractive index fluid (n d = 1.52) and Nile Red (Aldrich) fluorescent dye (0.01% by weight). The prisms profile is not regular, which is the reason for a difference (of about 0.2°) between the measured and theoretically calculated values of the deflection angles.
Polarization Rotators
We used 90° TN cells as electrically-controlled polarization rotators. The cells were assembled from two glass plates with indium tin oxide (ITO) layers and covered by rubbed polyimide PI2555 (Microsystems), which provides planar orientation of the LC molecules. Easy axes of the nematic director are mutually orthogonal at the opposite substrates. The cells were filled with the mixture of dualfrequency nematic mixture MLC-2048 (Merck, optical birefringence Δn = 0.22 at λ ≈ 633 nm) and righthanded chiral dopant R1011 (Merck, 0.05% by weight).
Depending on the applied voltage, the TN cell can be either in the "OFF or "ON" state. (fig. 1 ). In the OFF state, the cell rotates the polarization of the linearly polarized beam by 90°. The emerging light remains linearly polarized only if the TN cell satisfies one of two criteria: (1) either it is infinitely thick and satisfies the Mauguin limit (λ<<d Δn) or (2) 
In the ON state of the TN cell, the direction of light polarization remains the same. An applied voltage realigns the nematic director perpendicular to the plates and the optical activity disappears. We used the TN cells of thickness d ≈ 5.6 μm to satisfy the condition of the second minimum (ref. 41 ) at λ = 633 nm. We measured the optical transmission of the TN cells with antireflective coatings at λ = 633 nm. The transmission coefficient (the ratio of the output beam intensity to the incident beam intensity) was 94 percent for the OFF state and 97 percent for the ON state. Figure 10 shows the typical time dependence of the transmission of the TN cell placed between crossed polarizers at λ = 633 nm. The optical signal shows good stability for both ON and OFF states of the TN cell under application of the repetitive driving voltage ( fig. 10(a) ). To avoid a back flow effect (nematic material flows caused by director reorientation) we applied holding and kick-off voltage pulses with properly adjusted amplitudes. For example, we used U rms, hold, 1kHz = 6 V and U rms, hold, 50kHz = 4 V to hold 5.6 μm thick TN cell in the homeotropic and in the twisted state, respectively. In order to minimize a dielectric heating effect we applied high-amplitude pulses for a short time, 0.5 and 0.25 ms, at frequencies 2 and 50 kHz, respectively. With these pulses we were driving the TN cell continuously for hours but did not observe a worsening of the transmission signal caused by the dielectric heating effect.
By applying the driving voltage with high-amplitude kick-off voltage pulses, we achieved the switching time of about 0.5 ms for ON ( fig. 10(b) ) and about 0.25 ms for OFF ( fig. 10(c) ) states. The kick-off voltage pulses are applied either at low (f = 2 kHz) or high (f = 50 kHz) frequencies, to switch the dual-frequency nematic material into ON or OFF states, respectively (the dielectric anisotropy of MLC-2048 is positive below some critical frequency f c and negative at f> f c , where f c ≈ 12 kHz for MLC-2048 mixture at the temperature 20 °C). The application of an amplitude and frequency modulated waveform for driving of a dual-frequency nematic has an obvious advantage in comparison with a conventional nematic driving scheme where the high-frequency pulses are absent. For example, we achieved a response time of about 30 ms with the same cell when no high-frequency signal is applied and the cell is relaxing from the ON to OFF state due to restoring elastic forces. A much faster switching of 0.25 ms is achieved with application of high-frequency voltage pulses ( fig. 10(c) ).
Conclusions
We demonstrated the applicability of SmA materials in birefringent prisms and arrays. SmA elements can be used in non-mechanical DBDs that are based on decoupled pairs of electrically-controlled liquid crystalline polarization rotators, such as TN cells and passive deflectors. This approach allows one to separate the issue of time response and beam deflection angles and optimize these two parameters separately. We achieved fast (0.5 msec) response time of dual-frequency nematic 90° TN cells by implementing a dual-frequency nematic and overdriving scheme of electrical switching, where an electrical signal is a sequence of high-amplitude pulses (64 V rms, at 2 and 50 kHz) and holding voltages (6 and 4 V rms at 1 and 50 kHz, respectively).
The deflection angles can be optimized by the design of the birefringent prisms. SmA-filled prisms are attractive in low-cost applications where one needs large apertures, large angles of deflection, and/or non-trivial geometries. We demonstrated that mixtures of homologues of 4,4'-n-dialkylazoxybenzene produce SmA phases with a broad temperature range of SmA existence (up to 30 °C for binary mixtures) with a relatively small number of residual defects, such as focal conic domains, and high transmission characteristics. We determined the typical magnetic fields needed to remove director distortions around the mechanical inclusions and focal conic domains. Magnetic alignment is most effective when the material is aligned in the nematic phase and then cooled down to the SmA phase.
The SmA-filled birefringent prisms have certain advantages as compared to the crystalline prisms. The SmA prisms are easier and cheaper to form. The optical axis of SmA prisms can be controlled by surface alignment. They can be prepared as relatively thick prisms (up to 7 mm in our case) or as arrays of (micro) prisms. Light scattering in SmA birefringent prisms can be reduced by proper alignment to levels that are significantly lower than light scattering at the director fluctuations in the nematic samples of the same thickness. As the light scattering is caused mostly by FCDs that have a fixed size, it becomes smaller with the increase of the wavelength of light; the IR part of the spectrum is less sensitive to these losses. Thus, the SmA prisms are suitable candidates for beam steering not only in the visible part of the spectrum, but in the infrared part as well. An obvious drawback of the SmA prisms is that they can be used only within the temperature range of the SmA phase. The latter can be expanded significantly by using mixtures, as in this work.
